Background and purpose: C-arm cone-beam computed tomography (CBCT) has the drawback that image quality is degraded by artifacts caused by implanted metal objects. We evaluated whether metal artifact reduction (MAR) prototype software can improve the subjective image quality of CBCT images of patients with intracranial aneurysms treated with coils or clips. Materials and methods: Forty-four patients with intracranial aneurysms implanted with coils (40 patients) or clips (four patients) underwent one CBCT scan from which uncorrected and MAR-corrected CBCT image datasets were reconstructed. Three blinded readers evaluated the image quality of the image sets using a four-point scale (1: Excellent, 2: Good, 3: Poor, 4: Bad). The median scores of the three readers of uncorrected and MAR-corrected images were compared with the paired Wilcoxon signed-rank and inter-reader agreement of change scores was assessed by weighted kappa statistics. The readers also recorded new clinical findings, such as intracranial hemorrhage, air, or surrounding anatomical structures on MARcorrected images. Results: The image quality of MAR-corrected CBCT images was significantly improved compared with the uncorrected CBCT image (p < 0.001). Additional clinical findings were seen on CBCT images of 70.4% of patients after MAR correction. Conclusion: MAR software improved image quality of CBCT images degraded by metal artifacts.
Introduction
Endovascular treatments increasingly play a role in the management of cerebrovascular diseases. With the advancement of stents, balloons, coils, and their delivery systems, it is possible to treat aneurysms, including those previously amenable only to clipping. However, intraprocedural complications such as aneurysm rupture that occur in an estimated 2%-14.6%
1-3 and need immediate management for prevention of further deterioration remain a severe problem. 2, 4 To know this critical situation as soon as possible in the endovascular suite, C-arm cone-beam computed tomography (CBCT) is now routinely used. It has emerged as a new imaging modality for volumetric images as data can be acquired during a rotation of the C-arm and then reconstructed. Rapid visualization after interventions has thereby become feasible without the need for patient transfer. In particular, CBCT has shown promising results as a follow-up tool after intracranial endovascular treatments. 5 CBCT provides almost reliable image quality with lower temporal resolution but with higher spatial resolution than that achieved with conventional computed tomography (CT) 6 and sufficient low-contrast resolution for detecting structures like fresh intracranial bleed. 7 However, for intracranial aneurysm treatment, imaging implanted metal objects such as coils and clips remains a challenge, as these cause image artifacts that mask underlying image structures. To address this issue, software algorithms have recently been proposed that could reduce metal artifacts in the images and visualizing structures masked by the artifacts. [8] [9] [10] A promising approach for metal artifact reduction (MAR) consists of first segmenting metal objects in an initially reconstructed image, then applying an algorithm to remove corresponding metal traces in the raw data and reconstructing an image with reduced metal artifacts. [8] [9] [10] The aim of the present study was thus to assess whether image quality of CBCT images of brain tissue surrounding metal coils or clips was improved after applying a software prototype for MAR to postprocedural CBCT images of patients who underwent coiling or clipping of intracranial aneurysms.
Methods Patients
This study was approved by the institutional review board of our institution and informed consent was obtained from all patients. Between March 2014 and March 2015, 44 consecutive patients underwent coiling or clipping for intracranial aneurysms. Coil embolization was performed using standard techniques, with or without a balloon or stent-assisted technique for intracranial aneurysms, under general anesthesia, and with full systemic heparinization. Postoperative CBCT images were taken in the endovascular suite after completing the coiling. Then, the patient was transferred to the CT room, and conventional CT was performed for confirmation according to the routine in our institution. For clip-treated patients, postoperative CBCT images were taken at the time of follow-up digital subtraction angiography (DSA) performed 5-10 days after clipping as surveillance for the post-clipping state of the corresponding aneurysm.
Image acquisition, reconstruction and image quality rating CBCT images were acquired on a biplane C-arm system (AXIOM Artis Zee, Siemens Healthcare GmbH, Erlangen, Germany) using a 20-second scan protocol with the following parameters: 109 kV, 200-degree rotation, 496 projections, 1.2 mGy/frame, without contrast medium injection. The image data were transferred to a commercially available workstation (syngo XWP, Siemens Healthcare GmbH, Erlangen, Germany) equipped with an MAR prototype. First, images of 1 mm slice thickness were reconstructed using a ''smooth'' kernel and without activating the MAR application. From these, multiplanar reconstructed slices of 3 mm of non-corrected images were generated that were rated. The images were windowed to reveal the shape of the metal object while minimizing the streak artifacts and a rough contour was then drawn manually around the metal object with 1-3 mm margins in the volumetric images by a radiological technologist to identify the metal object as preparation for the next reconstruction step of the application. New images were automatically reconstructed from which the metal artifacts surrounding the metal object were corrected according to the process detailed in previous reports 8, 9 and the dataset with MAR-corrected images of 3 mm slice thickness for rating was generated. From both image sets with and without MAR, a radiological technologist selected two or three axial slices at the locations surrounding the metal objects. Three readers (a neurosurgeon with 15 years, a neurosurgeon with 11 years and radiologist with 20 years of experience) blinded to the patient's name and history independently rated the image quality of tissue around the metal object on sets of images with and without MAR correction of each patient based on a four-point scale (1: Excellent, relevant surrounding anatomy well visualized; 2: Good, >50% of relevant anatomy is visible, but is affected by the artifact; 3: Poor, <50% of relevant anatomy is visible, but is affected by the artifact; 4: Bad, relevant anatomy not visible). The improved score is defined as the difference in scales between uncorrected and MAR-corrected images, and it is considered to be significant when it is two points or more. The factors related to significant improvements in image quality were analyzed for the total number of aneurysms, ruptured/unruptured aneurysm, size of the aneurysm, and implanted material.
The readers also recorded new findings revealed after application of MAR, such as subarachnoid hemorrhage, intra-parenchymal hemorrhage, or visualizing of surrounding bony structure. These findings were confirmed on the conventional CT taken after postoperative CBCT. For the comparison of scores of images with and without MAR, the median scores of the three readers for each patient were calculated. Inter-reader agreement was estimated for the score changes defined as the difference between the scores of images with and without MAR correction.
Statistical analyses
All data were expressed as mean and standard deviation or median and interquartile range. The nullhypothesis of no difference in distribution of artifact scores between uncorrected and MAR-corrected CBCT images was tested with the paired Wilcoxon signed-rank test. Inter-reader agreement was assessed with kappa statistics. A p < 0.05 was considered as statistically significant. The factor related to significant improvements in image quality was analyzed by multivariate logistic regression analysis. All statistical analyses were performed using commercially available software (Stata IC/14.2; StataCorp, College Station, TX, USA).
Results
Uncorrected and MAR-corrected CBCT images were successfully obtained in the endovascular suite for all 44 patients whose patient characteristics are listed in Table 1 . For seven patients who already had a metal implant for an aneurysm, we applied MAR only to the newly treated aneurysm. The image quality of MARcorrected CBCT images was significantly improved compared with the uncorrected CBCT image; the median scores were significantly improved from 3 (poor) for the uncorrected CBCT images to 1 (good) for the MAR-corrected images (p < 0.001). The distribution of scales of MAR-corrected images was found to be significantly different (p < 0.001, Figure 1 ) from that of uncorrected images. Although the inter-reader agreement among the three readers on the four-point scale was poor (weighted kappa ¼ 0.18), the improved score, which is defined as the difference of the scores between uncorrected and MAR-corrected images, has excellent reproducibility (weighted kappa ¼ 0.904). All readers found that the images were improved except for one reader who found two images unchanged.
The factor related to significant improvements in image quality (improved score > 2 points) was the size of the aneurysm (odds ratio 0.499 per 1 mm increase, p ¼ 0.045) only. The readers recorded at least one new clinical finding on 70.4% of MAR-corrected images that were masked on the uncorrected images. The details of the findings were ''clear subarachnoid space without hematoma around the aneurysm'' (21 cases, 47%); Case 1 (Figure 2 ), ''hematoma in the subarachnoid space around the aneurysm'' (eight cases, 18%); Case 2 ( Figure 3 ), ''bony structure around the aneurysm'' (11 cases, 25%), ''implanted vascular reconstruction stent'' (three cases); Case 2 ( Figure 4 ), ''acute hydrocephalus'' (one case) and ''air around the aneurysm'' (one case). All findings were confirmed on conventional CT images.
Discussion
The MAR prototype software improved the CBCT images of all patients, and revealed new intracranial findings in 70.4% of patients. On CBCT images without MAR, metal artifacts by coils or clips implanted for intracranial aneurysms limited the evaluation of the status of the brain tissue surrounding the metal object. Our results were in line with those from previous studies on application of MAR software to CBCT images of patients who underwent coil embolization or intracranial clips or both. 9 Despite measures to prevent fatal hemorrhage, intraprocedural aneurysm perforation still occur more commonly in patients with a ruptured aneurysm, with morbidity and mortality rates of more than 30%. 11, 12 When hemorrhagic complications occur, immediate management, such as reversal of heparin with protamine sulfate, further coil embolization until complete aneurysm occlusion is achieved, administration of antihypertensive agents, or external ventricular drainage, is required to prevent further deterioration of bleeding and clinical status. 4 Early detection of complications is thus of the utmost importance and delayed management leads to poor prognosis; 2, 4 however, in some institutions the patient needs to be transferred to another table or room where the CT is located. On the other hand, CBCT has the great advantage that it could provide immediate examination of intraprocedural complications in the endovascular suite without having to transfer the patient to another table or room.
When an aneurysm wall is perforated by a small device such as a microguide wire or coil, active bleeding is sometimes difficult to diagnose by conventional angiography or might be masked by metal artifacts, but bleeding could be seen on MAR-corrected CBCT images.
All readers agreed that all images were improved, except for one reader who found two images to be unchanged, but the inter-reader agreement on the four-point scale was found to be poor. This could have several reasons: The MAR application was a software prototype, thus none of the readers had much experience with reading MAR-corrected images.
The study has limitations: It was a non-randomized, single-center study. The number of patients included was small, in particular that of patients who underwent clipping.
Conclusions
MAR software can improve CBCT images degraded by metal artifacts. As a result, tissue surrounding intracranial metal implants can be revealed and intraprocedural complications can be precisely detected soon after the procedure in the intervention suite without the need for patient transfer. 
